Juvenile hormone (JH) levels must be modulated to permit the normal progress of development and reproductive maturation in mosquitoes. JH is part of a transduction system that assesses nutritional information and controls reproduction in mosquitoes. Adult female Aedes aegypti show nutritionallydependent dynamic changes in corpora allata (CA) JH biosynthetic activities. A coordinated expression of most JH biosynthetic enzymes has been described in female pupae and adult mosquitoes; increases or decreases in transcript levels for all the enzymes were concurrent with increases or decreases in JH synthesis; suggesting that transcriptional changes are at least partially responsible for the dynamic changes of JH biosynthesis. The goal of the present study is to identify signaling network components responsible for the nutritional-dependent changes of JH synthesis in the CA of mosquitoes. The insulin/ TOR signaling network plays a central role in the transduction of nutritional signals that regulate cell growth and metabolism in insects. These pathways have also been suggested as a link between nutritional signals and JH synthesis regulation in the CA of cockroaches and flies. We used a combination of in vitro studies and in vivo genetic knockdown experiments to explore nutritional signaling pathways in the CA. Our results suggest that the insulin/TOR pathway plays a role in the transduction of the nutritional information that regulates JH synthesis in mosquitoes. Transcriptional regulation of the genes encoding JH biosynthetic enzymes is at least partially responsible for these nutritionally modulated changes of JH biosynthesis.
Introduction
The correct allocation of nutrients between competing needs such as reproduction, growth, maturation or flight is a vital component of an insect's life-history strategy (Boggs, 2009; Clifton and Noriega, 2011) . Juvenile hormone (JH) has been described as part of a transduction system that assesses nutritional information and regulates reproduction in mosquitoes (Noriega, 2004) . JH synthesis and ovarian previtellogenic maturation are activated in newly eclosed Aedes aegypti adult females only if teneral nutritional reserves are elevated (Caroci et al., 2004) . Later, after previtellogenic maturation has been completed, JH mediates reproductive trade-offs in resting stage mosquitoes in response to nutrition (Clifton and Noriega, 2012) . JH titers in female adult mosquitoes are mainly determined by the rate at which the corpora allata (CA) synthesize JH (Li et al., 2003a) . Adult female A. aegypti show dynamic changes in JH biosynthesis (Li et al., 2003a) . A coordinated expression of most JH biosynthetic enzymes has been described in female pupae and adult mosquitoes; increases or decreases in transcript levels for all the enzymes were concurrent with increases or decreases in JH synthesis; suggesting that transcriptional changes are at least partially responsible for the dynamic changes of JH biosynthesis (Nouzova et al., 2011) . The goal of the present study is to identify signaling network components responsible for the nutritional-dependent changes of JH synthesis in the CA of mosquitoes. The insulin/TOR signaling network is evolutionary conserved in most eukaryotes and plays a central role in the transduction of nutritional signals that regulate cell growth and metabolism (Howell and Manning, 2011; Siddle, 2012) . Insulin plays a key role transducing systemic nutrient information; the A. aegypti genome encodes eight insulin-like peptides (ILPs), with three of them (ILP1, ILP3 and ILP8) specifically expressed in brains of adult females (Riehle et al., 2006) . ILP3 binds the A. aegypti insulin receptor (InR) with high affinity and has been described as a critical regulator of egg production (Brown et al., 2008) . Transcript levels for several A. aegypti ILPs show age dependent and diet dependent changes in female mosquitoes (Marquez et al., 2011) .
Mosquito ILPs action appears to be mediated by the tyrosine kinase activity of the mosquito insulin receptor and a signaling network involving phosphatidylinositol 3-kinase (Riehle and Brown, 1999) . Selective activators and inhibitors of insulin signaling cascades had strong effects on insulin-regulated physiological processes in mosquitoes (Riehle and Brown, 1999) ; for example, knockdown of the A. aegypti phosphatase and tensin homolog (AaegPTEN) affects insulin signaling (Arik et al., 2009) . The insulin/TOR pathway has also been suggested as a link between nutritional signals and JH synthesis regulation in the CA of Blattella germanica (Maestro et al., 2009) ; as well as a link between diapause signals and JH synthesis regulation in Culex pipiens (Sim and Denlinger, 2008) . We used a combination of in vitro studies and in vivo genetic knockdown experiments to explore nutritional signaling pathways in the CA of mosquitoes. Our results suggest that the insulin/TOR pathway plays a role in the transduction of the nutritional information that regulates JH synthesis in mosquitoes. A transcriptional regulation of the genes encoding JH biosynthetic enzymes is at least partially responsible for the insulin/TORdependent changes of JH biosynthesis.
Material and methods

Chemicals
Rapamycin was purchased from SigmaeAldrich (St Louis, MO). Bovine insulin from Akron Biotech (Boca Raton, FL) and LY294002 from Calbiochem (Billerica, MA).
Insects
A. aegypti of the Rockefeller strain were reared at 28 C and 80% relative humidity under a photoperiod of 16 h light: 8 h dark. Female adults were offered a cotton pad soaked in 3% sucrose solution.
Corpora allata JH bioassays
Corpora allataecorpora cardiaca complexes (CAeCC) attached to the head capsule were isolated from adult females as previously described (Li et al., 2003a) . The effects of rapamycin (a TOR inhibitor, 500 nM, dissolved in DMSO), bovine insulin (17 mM, dissolved in HCl) and LY294002 (an inhibitor of insulin signaling, 10 mM dissolved in M-199 medium) were tested on CAeCC incubated at 32 C in M-199 medium (Lavallette, NJ, USA) containing 2% Ficoll, 25 mM HEPES (pH 6.5) and methionine (50 mM). Optimal concentrations were selected by testing 3 different concentrations for insulin (1.7, 17 and 170 mM), rapamycin (150, 500 and 1500 nM) and LY294002 (1, 10 and 100 mM).
Quantification of JH synthesis
The amount of JH synthesized by CAeCC complexes in vitro was quantified by a recently developed method using high performance liquid chromatography coupled to a fluorescent detector (HPLC-FD) (Rivera-Perez et al., 2012) . The assay is based on the derivatization of JH III with a fluorescent tag with subsequent analysis by reverse phase HPLC-FD.
Quantitative PCR (qPCR)
Total RNA was isolated from tissues using RNA-binding glass powder as previously described (Noriega and Wells, 1993 
RNA interference
Synthesis and microinjections of double-stranded RNA (dsRNA) were performed as described by Brandon et al. (2008) . TOR and YFP (yellow fluorescent protein) target sequences for dsRNA synthesis were amplified by PCR using the TORi and YFPi primers (Supplemental Table 1 ). The resulting amplicons were diluted 50-fold, and 1 ml of these diluted amplicons were used as template in PCR reactions with primers containing T7 promoter sequences (TORi_T7 and YFPi_T7) (Supplemental Table 1 ). The products from these PCR reactions were purified using a QIAquick PCR purification kit (QIAquick sciences, Germantown, Maryland), and 1e2 mg of the purified DNA templates were used to synthesize dsRNAs with a Megascript RNAi kit (Ambion, Austin, TX). dsRNAs were precipitated using ammonium acetate/ethanol, and resuspended in ddH 2 O to a final concentration of 3e4 mg/ml. In each knockdown experiment, newly emerged female mosquitoes were cold anesthetized and injected intrathoracically with 1.6 mg of dsRNA using a Drummond Nanoject II microinjector and a micromanipulator.
Statistical analysis
Statistical analyses were performed using the GraphPad Prism Software (San Diego, CA, USA). The results were expressed as means AE S.E.M. Significant differences (P < 0.05) were determined with a one tailed students t test performed in a pair wise manner or one-way ANOVA followed by a comparison of means (Turkey's test).
Results
Stimulation of JH synthesis by insulin
There were 2e3-fold increases in JH synthesis when CAeCC complexes dissected from 1-or 3-day old sugar-fed females were cultured for 4 h in the presence of bovine insulin (17 mM); while incubation with LY294002 (10 mM), an inhibitor of insulin signaling phosphatidylinositol 3-kinase (PI3K), resulted in 2.5e3-fold decreases in JH synthesis (Fig. 1) . To further understand the role of insulin on JH synthesis we studied the effect of the insulin signaling inhibitor on the expression of six selected genes encoding enzymes; three belonging to the mevalonate pathway and three from 111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175   176  177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232  233  234  235  236  237  238  239 the late steps in the JH biosynthetic pathway. Incubation of the CAe CC complexes dissected from 1-day old sugar-fed females in vitro with LY294002 for 6 h caused a statistically significant reduction in transcript levels for the 6 JH biosynthetic enzymes analyzed (Fig. 2) , with reductions of 57% for HMGR, 52% for EPOX, 48% for FPPS, 35% for HMGR, 27% for IPPI and 25% for JHAMT. When CAeCC dissected from 3-days old sugar fed females were treated with LY294002, we observed statistically significant reductions for transcript levels for 4 of the JH biosynthetic enzymes analyzed, with reductions of 54% for EPOX, 51% for IPPI, 42% for FPPS and 32% for HMGR. Although not statistically significant, a decrease of about 20% was observed for HMGS.
Rapamycin treatment inhibits JH synthesis
Incubations of CAeCC complexes dissected from 1-or 3-day old sugar fed females for 4 h with the TOR inhibitor rapamycin (500 nM) resulted in 2-to 2.5-fold decreases in JH synthesis (Fig. 3) . Incubation of the CAeCC complexes dissected from 1-day old sugar-fed females in vitro with rapamycin for 6 h caused a statistically significant reduction in transcript levels for the 6 JH biosynthetic enzymes analyzed (Fig. 4) , with reductions of 61% for EPOX, 57% for FPPS, 51% for HMGS, 43% for JHAMT 40% for HMGR, and 33% for IPPI. When CAeCC dissected from 3-day old sugar fed females were treated with rapamycin, we observed statistically significant reductions for 4 of the JH biosynthetic enzymes analyzed, with reductions of about 45e56% for IPPI, FPPS and EPOX, and 30% for JHAMT.
In vivo depletion of TOR reduced JH synthesis and decreased JH biosynthetic enzyme transcript levels
Injection of dsTOR (1.6 mg) resulted in a significant reduction of TOR mRNA (83%) when compared with dsYFP treated controls (Fig. 5A) . Depletion of TOR resulted in a significant reduction in JH were dissected from 1 day old females and incubated for 6 h in the presence of 10 mM of LY294002, or in medium alone. Enzymes: 3-Hydroxy-3-methylglutaril-CoA synthase (HMGS), 3-hydroxy-3-methylglutaril-CoA reductase (HMGR), isopentenyl diphosphate isomerase (IPPI), farnesyl diphosphate synthase (FPPS), juvenile hormone acid methyltransferase (JHAMT) and methyl farnesoate epoxidase (EPOX). Transcript levels were measured by qPCR and are expressed as percentages of value measured for the control (medium alone). Bars represent the means AE S.E.M. of 3 independent biological replicates of 3 groups of 6 CAeCC. Asterisks denote significant differences from controls (unpaired t-test; *P < 005, **P < 0.01, ***P < 0.001). 241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305   306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369 synthesis (58%) when compared with synthesis by CA of females treated with dsYFP (Fig. 5B) . In vivo knockdown of the mosquito TOR by RNAi significantly decreased CA mRNA levels of all JH biosynthetic enzymes studied; with reductions of about 50% for JHAMT and EPOX and decreases between 20 and 40% for transcript levels of the other 4 enzymes analyzed (Fig. 6 ).
Control
Rapamacyn inhibited insulin stimulation of JH synthesis
CAeCC complex dissected from 3-day old sugar fed females were incubated for 4 h with bovine insulin (17 mM) in the presence Fig. 4 . Effect of rapamycin on the mRNA levels of JH biosynthetic enzymes. CA were dissected from 1 day old females and incubated for 6 h in the presence of 500 nM rapamycin or in medium alone. Enzymes are as described in Fig. 2 . Transcript levels were measured by qPCR and are expressed as percentages of value measured for the control (medium alone). Bars represent the means AE S.E.M. of 3 independent biological replicates of 3 groups of 6 CA. Asterisks denote significant differences from control (unpaired t-test; ***P < 0.001). Asterisks denote significant differences from control (unpaired t-test; *P < 005, ***P < 0.001). Newly emerged females were injected with dsYFP or dsTOR. The effect of the RNAi treatment was evaluated 4 days later. Enzymes are as described in Fig. 2 . Transcript levels were measured in the CAeCC by qPCR and are expressed as percentages of value measured for the control (YFP). Bars represent the means AE S.E.M. of 3 independent biological replicates of 3 groups of 5 CAeCC. Asterisks denote significant differences from control (unpaired t-test; **P < 0.01, ***P < 0.001). or absence of rapamycin (500 nM). Rapamacyn impeded insulin stimulation of JH synthesis (Fig. 7) .
Control
Discussion
JH levels must be modulated to permit the normal progress of development and reproductive maturation in mosquitoes (Klowden, 1997) . Changes in JH synthesis in female adult A. aegypti mosquito are very dynamic and nutritionally dependent (Noriega, 2004) . The CA needs to adjust its synthetic activity to generate these dynamic changes (Li et al., 2003a) . Adjustments in biosynthetic rates are often initiated by external alterations which set into motion changes in enzyme activities and precursor fluxes (Cascante et al., 1995; Nouzova et al., 2011) . We can discriminate at least 5 distinctive periods of CA activity in pupae and adult female mosquito (early and late pupae, newly emerged, sugar fed and blood fed females). The molecular basis for JH synthesis regulation, as well as the role of endocrine regulators, might change during these 5 periods. JH synthesis is suppressed and transcript levels for the JH biosynthetic enzymes are very low in the early pupae (Nouzova et al., 2011) . Subsequently, in the last 6e8 h before adult eclosion the pupal CA becomes competent to synthesize JH, transcript levels for the biosynthetic enzymes start to rise and JH synthesis can be stimulated in vitro by supplying farnesoic acid (Nouzova et al., 2011) . Afterward, the CA of the newly emerged female is fully competent to synthesize JH. For the 10e12 first hours it synthesizes relatively low levels of JH. Decapitation during these first hours after eclosion prevents increases of JH synthesis, suggesting that the brain plays a key role sensing the nutritional status and stimulating CA activity (Hernandez-Martinez et al., 2007) ; only when nutrients are appropriate are factors released from the brain that command the CA to synthesize enough JH to activate reproductive maturation (Caroci et al., 2004) . Later, in sugar fed females, during the "resting stage" that precedes a blood-meal, the brain senses the quality of nutrition and could direct the CA to decrease JH synthetic rates causing the resorption of ovarian follicles (Clifton and Noriega, 2011) ; decapitation at the resting stage precludes this nutritional adjustment and causes significant increases of JH synthesis emphasizing the critical role of the brain in CA nutritional modulation ). Finally, after blood feeding, synthesis of JH is "actively" suppressed to allow the normal proceeding of vitellogenesis and egg maturation; again decapitation during this period results in a significant increase in JH synthesis .
In insects, brain factors can stimulate (allatotropins) or inhibit (allatostatins) CA activity (Goodman and Cusson, 2012) . We have described both stimulatory and inhibitory effects of brain factors in mosquitoes Hernandez-Martinez et al., 2007) . Allatostatin-C and allatotropin are present in the brain of A. aegypti, (Hernandez-Martinez et al., 2005) ; they both modulate JH synthesis in vitro (Li et al., 2003b (Li et al., , 2006 and their receptors are expressed in the CAeCC complex (Mayoral et al., 2010; Nouzova et al., 2012) . The role of each of these endocrine regulators might be limited to particular periods of CA activity; insulin and/or allatotropin may well be the brain activators acting on the CA of the newly emerged female; while allatostatin-C could play a role in the nutritional modulation of JH synthesis during the "state of arrest", as well as during the suppression of JH synthesis after a blood meal (Li et al., , 2006 .
We used a combination of in vitro pharmacology and in vivo genetic knockdown studies to test the hypothesis that the Insulin/ TOR pathway is involved in the regulation of JH synthesis in the CA of mosquitoes. Application of bovine insulin on the mosquito CAe CC incubated in vitro caused a strong and fast stimulation on JH synthesis. Bovine insulin is effective as an analog of ILPs and acts through a conserved signaling cascade in the mosquito A. aegypti (Riehle and Brown, 1999) . Insulin like peptides (ILPs) have been previously proposed as regulators of JH synthesis; Drosophila melanogaster insulin receptor (InR) mutants had reduced JH synthesis (Tu et al., 2005) and specific silencing of the InR in the CA of the fruit-fly completely suppressed HMGR expression and rendered a JH-deficient phenotype (Belgacem and Martin, 2007) . Little is known on exactly how insulin/TOR signaling affects the activity of the CA. Systemic depletion of TOR by RNAi and rapamycin administration had inhibitory effects on JH synthesis in mosquitoes, with both treatments causing reductions in JH biosynthetic enzyme transcript levels. In addition, reducing insulin signaling with PI3K inhibitors rapidly reduced JH biosynthetic enzyme transcripts; validating that a transcriptional regulation of the genes encoding JH biosynthetic enzymes is at least partially responsible for the dynamic changes of JH biosynthesis. In the cockroach, B. germanica, systemic knock-down of TOR expression also significantly reduced HMGS and HMGR mRNA levels and inhibited JH production (Maestro et al., 2009) ; starvation mimicked TOR silencing effects, suggesting that TOR mediates the nutritional regulation of JH synthesis in the cockroach CA. Interestingly, systemic RNAi of forkhead-box O (FoxO), a transcriptional effector of the insulin pathway, elicited an increase of JH biosynthesis in the cockroach CA, although without modifying mRNA levels of HMGS, HMGR and EPOX (Süren-Castillo et al., 2012) . The roles of FOXO and insulin in JH synthesis were also studied in C. pipiens, where the ability to enter into overwintering diapause is regulated by a shutdown in the production of JH (Spielman, 1974) . Insulin signaling leads to the production of JH preventing FOXO activation and establishing a diapause phenotype. Silencing the InR blocked JH synthesis and induced diapause, although mosquitoes could be rescued with an application of JH; suppression of FOXO had opposite effects than silencing InR (Sim and Denlinger, 2008) . Activation of the insulin signaling pathway in Drosophila is now well understood; it lead to activation of a number of kinases such as Akt and TOR via a relay of phosphorylation events; although the exact mechanism is still unclear and might occur via redundant pathways (Teleman, 2010) ; our studies revealed that rapamacyn impeded insulin stimulation of JH synthesis in the CA of mosquitoes, confirming that TOR activity is critical for the transduction of insulin signaling.
In summary, our results suggest that the insulin/TOR pathway plays an important role in the transduction of the nutritional information that regulates JH synthesis in mosquitoes. Future studies will include the use HPLC-fluorescent approaches to study the effect of manipulating the insulin/TOR pathway on precursor endogenous pools and activities of the JH biosynthetic enzymes, as well as further analysis of the role of additional insulin/TOR signaling network components on the changes in JH synthetic enzymes transcript levels.
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